Spreading depolarization is a wave of neuronal and glial depolarization. Within minutes after spreading depolarization, the neuronal hemichannel pannexin 1 (PANX1) opens and forms a pore complex with the ligand-gated cation channel P2X7, allowing the release of excitatory neurotransmitters to sustain spreading depolarization and activate neuroinflammation. Here, we explore the hypothesis that the P2X7-PANX1 pore complex is a critical determinant of spreading depolarization susceptibility with important consequences for neuroinflammation and trigeminovascular activation. We found that genetic loss of function or ablation of the P2x7 gene inhibits spreading depolarization. Moreover, pharmacological suppression of the P2X7-PANX1 pore complex inhibits spreading depolarization in mice carrying the human familial hemiplegic migraine type 1 R192Q missense mutation as well as in wild-type mice and rats. Pore inhibitors elevate the electrical threshold for spreading depolarization, and reduce spreading depolarization frequency and amplitude. Pore inhibitors also suppress downstream consequences of spreading depolarization such as upregulation of interleukin-1 beta, inducible nitric oxide synthase and cyclooxygenase-2 in the cortex after spreading depolarization. In addition, they inhibit surrogates for trigeminovascular activation, including expression of calcitonin gene-related peptide in the trigeminal ganglion and c-Fos in the trigeminal nucleus caudalis. Our results are consistent with the hypothesis that the P2X7-PANX1 pore complex is a critical determinant of spreading depolarization susceptibility and its downstream consequences, of potential relevance to its signature disorders such as migraine. Abbreviations: CGRP = calcitonin gene-related peptide; Cox-2 = cyclooxygenase 2; FHM1 = familial hemiplegic migraine type 1;
Introduction
Animal and human studies underscore the importance of spreading depolarization as the electrophysiological event underlying migraine aura, and as a trigger for neuroinflammatory cascades implicated in headache pathogenesis (Moskowitz et al., 1993; Hadjikhani et al., 2001; Somjen, 2001; Bolay et al., 2002; Karatas et al., 2013) . Recent animal experiments suggest that spreading depolarizationinduced opening of the neuronal hemichannel pannexin 1 (encoded by PANX1) participates in the initiation of neuroinflammatory events in the brain and meninges during a migraine attack (Karatas et al., 2013) . PANX1, which opens immediately after spreading depolarization (Karatas et al., 2013) , is believed to promote large pore formation by tightly coupling to the neuronal purinergic P2X7 receptor after its activation (Pelegrin and Surprenant, 2006; Iglesias et al., 2008) . The large pore, presumably the 'P2X7-PANX1 pore complex' (P2X7/PANX1 pore ), forms after P2X7 activation, mediated by a Src tyrosine kinase (Iglesias et al., 2008) . The P2X7/PANX1 pore is permeable to molecules up to 900 Da (Pelegrin and Surprenant, 2006; Iglesias et al., 2008) and mediates non-exocytotic glutamate release (Cervetto et al., 2013; Di Cesare Mannelli et al., 2015) , which is potentially relevant for spreading depolarization susceptibility. P2X7 might also play a role independent of PANX1 in determining spreading depolarization susceptibility as a 'ligand-gated cation channel' (P2X7 chann ), which transports small cations such as K + and Ca 2 + , and mediates exocytotic glutamate release (Cervetto et al., 2012) . The two conformation forms of the P2X7 receptor, i.e. the ion-channel form and pore form, can also be activated via independent pathways. The P2X7/PANX1 pore can be activated through intracellular signalling pathways via the Src homology 3 death domain of the C-terminus of the P2X7 receptor (Iglesias et al., 2008) , and the Src kinase involved in pore opening can, for example, be activated by glutamate (Weilinger et al., 2012) . Calmidazolium has been used as a drug to dissociate functions of the rapid gated ion channel from the pore form of P2X7R, because it inhibits selectively the P2X7 chann without affecting pore function (Virginio et al., 1997; Chessell et al., 1998; Pelegrin and Surprenant, 2009; Cervetto et al., 2012) .
Animal models of spreading depolarization including transgenic knock-in mice that carry human familial hemiplegic migraine type 1 (FHM1) gene missense mutations introduced in the Cacna1a gene (van den Maagdenberg et al., 2004 Maagdenberg et al., , 2010 Eikermann-Haerter et al., 2009; Ferrari et al., 2015) provide a valuable platform for screening drugs used in antimigraine therapy (Ayata et al., 2006; EikermannHaerter et al., 2012a) . Here, we examined whether inhibition of the P2X7/PANX1 pore , and/or P2X7 chann suppresses spreading depolarization, and inhibits the consequent expression of inflammatory markers in cortex, and in the trigeminovascular system. Our findings underscore the importance of P2X7 and the pore complex as a determinant of spreading depolarization susceptibility, and downstream consequences such as neuroinflammation and activation of the trigeminovascular system.
Material and methods

Ethics
All experimental procedures were carried out in accordance with the Guide for Care and Use of Laboratory Animals (NIH Publication No. 85-23, 1996) , and were approved by the institutional review board (Subcommittee on Research Animal Care of Massachusetts General Hospital and Taipei Veterans General Hospital).
Animals
We used 162 adult male Sprague-Dawley rats, 12 Balb/c and 103 C57BL/6J mice (Charles River and Jackson Laboratories). In addition, we compared eight P2X7 knockout mice (KO; P2rx7 À/À ; B6.129P2-P2rx7 tm1Gab /J, stock 005576; Jackson Laboratory) to wild-type controls (C57BL/ 6J), and investigated six homozygous Cacna1a R192Q knock-in mice that carry the human FHM1 R192Q missense mutation in the Cacna1a gene resulting in a gain-of-function of Ca V 2.1 channel function (mutant mice were backcrossed for more than 10 generations on C57BL/6) (van den Maagdenberg et al., 2004) . The sample size of animals was estimated based on previous studies on spreading depression susceptibility. Rats were housed in groups of two to three per cage and mice were housed in groups of three to four per cage in a temperature-controlled room (21 C, 40-70% humidity, 12-h light-dark) and were acclimatized in the animal facility for at least 4 days prior to use. Animals had food and water ad libitum and experiments were performed during the light phase of the cycle. All animals were sacrificed immediately after data acquisition.
Surgical procedure and electrophysiological recordings
Animals were anaesthetized with 1.5% isoflurane in 30% O 2 /70% N 2 O. Rats were intubated and mechanically ventilated (SAR-830; CWE), and mice were breathing spontaneously. Femoral arterial catheterization was performed for blood pressure monitoring and blood gas sampling in all animals. Blood pressure was monitored continuously with an intra-arterial pressure transducer. Arterial blood was collected every 15-30 min for determination of pH, PaO 2 , and PaCO 2 (Rapidlab 248 blood gas/pH analyzer, Siemens HealthCare). Rectal temperature was kept between 36.9 and 37.1 C using a thermostatically controlled heating pad (Harvard Apparatus). All physiological parameters were maintained within normal range (Supplementary Table 1) . Animals were placed on a stereotactic frame (Stoelting), and craniotomies were drilled under saline cooling. Coordinates of cranial windows were chosen according to the purpose of drug treatment, spreading depression induction, and recording (Figs 1A, 1D, 2A, 3A and 4A) . In rats, the dura overlying the cortex at the craniotomies was gently removed and care was taken to avoid bleeding. In mice, the dura was kept intact. The electrocorticogram and direct-current (DC) potential were recorded with glass capillary microelectrodes. Signals were amplified with a DC preamplifier (EX1 differential amplifiers, Dagan Corporation) and continuously recorded (PowerLab, ADInstruments).
Experimental design
Pharmacological agents (Supplementary Table 2) were administered to inhibit: (i) P2X7 chann and P2X7/PANX1 pore (Brilliant blue G and A438079); (ii) P2X7 chann only (calmidazolium); (iii) P2X7/PANX1 pore only (Brilliant blue FCF); and (iv) the coupling between P2X7 and PANX1 (Src tyrosine kinase inhibitor PP2). Dose, route and timing of administration of all drugs were adopted from previous studies (Akaike and Himori, 2002; Iglesias et al., 2008; Cervetto et al., 2012; Chu et al., 2012; Wang et al., 2013) . In this study, we used four routes of drug administration: (i) topical treatment with drug-adsorbed cotton balls (in both rats and mice); (ii) intracerebroventricular injection (in rats only); (iii) large cranial window with drug bath (in mice only); and (iv) intraperitoneal injection (in mice only). For experiments adopting topical treatment, three small cranial windows created over the occipital cortex (stimulation site for cortical spreading depression induction; rats: AP À4.5 mm, ML 2 mm; mice: AP À3 mm, ML 1.5 mm), parietal (proximal recording site; rats: AP À1.5 mm, ML 2 mm; mice: AP À1.5 mm, ML 1.5 mm), and frontal area (distal recording site; rats: AP 1.5 mm, ML 2 mm; mice: AP 1 mm, ML 1 mm) were pretreated with drug-adsorbed cotton balls. In experiments using topical treatment, one hemisphere was treated with drug, and the other hemisphere was treated with vehicle; the sequences of treatment were randomized in consecutive animals. For experiments using intracerebroventricular injection, a burr hole was created at the left hemisphere with the following coordinates: AP: À0.92 mm, ML: À1.50 mm. We performed intracerebroventricular injection in rats because we could not ascertain the effective cortical concentration after topical application of dyes (Brilliant blue G and Brilliant blue FCF) considering meningeal thickness and CSF flow. For experiments using large cranial window with drug bath (only in mice), a cranial window with an inner diameter of 3 mm was created over the parieto-occipital cortex and the drug solution was secured by a plastic ring. The drug-bathed cranial window served as either the stimulating or recording site depending on the purpose of experiments. The single investigator conducting the in vivo studies (S.P.C.) was blinded to the treatment groups except in experiments using coloured dyes (Brilliant blue G and Brilliant blue FCF) when blinding was not possible. The blinding was performed by concealment of treatments with individually and uniquely coded vials, and the order of treatments was randomized by drawing vial code numbers.
Four paradigms to assess spreading depolarization susceptibility were adopted. Paradigm 1: continuous topical KCl application to measure spreading depolarization frequency (Figs 1, 5B and 6). A cotton ball soaked with drugs or vehicles and KCl (1 M for rats and 300 mM for mice) was placed on the occipital cortex. Amplitude shifts in extracellular DC potential 45 mV were considered as spreading depression events. Paradigm 2: to determine the electrical threshold for spreading depolarization induction ( Fig. 2A) , single-squared pulses of increasing duration and intensity were applied to the cortex every 4 min (1-2048 mC), using a stimulus isolator (WPI) and a bipolar stimulation electrode (400 mm tip diameter, 1 mm tip separation; Frederick Haer Company), as previously described (Eikermann-Haerter et al., 2011) . Paradigm 3: repetitive suprathreshold electrical stimulation to evaluate regenerative capacity of the cortex towards spreading depolarization (i.e. refractory period) (Fig. 3A) . Electrical stimulation was delivered with fixed intensity and interval (800 mC every 6 min for 1 h). Paradigm 4: suprathreshold electrical stimulation with a large area of cortex exposed to the drug for measuring spreading depression amplitude (Fig. 4A) . One recording electrode was placed inside and one outside of the drug bath large cranial window. An electrical pulse (0.4 mA, 640 ms) was delivered to the frontal cortex to induce a spreading depolarization as a baseline. Another spreading depression was induced 30 min after vehicle application, and again after another 30 min of vehicle or drug treatment. Time-matched spreading depolarization amplitudes recorded from both electrodes were compared between vehicle and drug-treated cortices. Paradigms 1 and 2 have been proven effective to predict therapeutic success of migraine prophylactic drugs (Ayata et al., 2006) , and the translational value of these paradigms has also been demonstrated in other studies (Eikermann-Haerter et al., 2012a) . Importantly, spreading depolarization frequency derived from Paradigm 1 seems to have concordance with the electrical spreading depolarization threshold to induce a single spreading depression in Paradigm 2 (Ayata, 2013) . To investigate whether the downstream markers for neuroinflammation and trigeminovascular activation mentioned below are specific to spreading depression, we conducted experiments using topical 1 M NaCl solution (with the same osmolarity as KCl) (n = 5) and pinprick-induced spreading depolarizations (n = 5) for comparison. The expression of these markers in the cerebellum, where spreading depolarization does not propagate into, was investigated as well to show anatomical specificity. To investigate the mechanism of reduction in spreading depolarization amplitude in Paradigm 4, we studied the effect of P2X7/PANX1 antagonist A438079 on potassium release by simultaneously using a potassium-selective electrode and a micropipette for spreading depolarization recording (n = 6).
Quantitative polymerase chain reaction for Il1b
We performed quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) on RNA isolated from a 2-mm wide (rostro-caudally) cortical strip of tissue between the occipital spreading depolarization induction site and the parietal recording site for mRNA of the pro-inflammatory cytokine Il1b gene as a direct downstream product of inflammasome activation (Karatas et al., 2013; Walsh et al., 2014) , 4 h after KCl-induced spreading depolarization. The targeted cortex was pretreated with either drugs or vehicles for 30 min before spreading depolarization induction. To correct for the effect of spreading depolarization frequency on Il1b mRNA expression, we induced a fixed number of spreading depolarizations (n = 6 over 1 h with intermittent transient 1 M KCl topical application and immediate wash-out) in a new group of animals pre-treated with vehicle or drugs. Rats were deeply anaesthetized and transcardially perfused with phosphate-buffered saline (PBS). Brains, as well as trigeminal ganglion and trigeminal nucleus caudalis, were quickly collected, frozen with prechilled isopentane, bath-cooled with dry ice, and kept in a À80 C freezer. RNA extraction (Illustra RNAspin Mini RNA Isolation Kit, GE Healthcare), cDNA synthesis (with reverse transcription-PCR with SuperScript TM III First-Strand Synthesis System, Invitrogen), and real-time qPCR (TaqMan Õ Gene Expression Assays and TaqMan Õ Fast Advanced Master Mix; Life Technologies) were performed as reported previously (Li and Wang, 2000) .
Western blot
Cox-2 (Ptgs2) and iNOS (inducible nitric oxide synthase, encoded by Nos2) expression in the cortical tissue (at the same location as Il1b qRT-PCR) and CGRP expression in the trigeminal ganglion ipsilateral to the spreading depolarization induction site were evaluated with western blot, after pretreatment with vehicle or A438079 (n = 5 per group) for 30 min at all craniotomy sites followed by induction of a fixed number of spreading depolarizations (n = 6 over 1h). A sham control group (n = 5) with craniotomies but without spreading depolarization induction was used for comparison. Brain tissues were collected 4 h after the beginning of spreading depolarization induction. Frozen tissues were resuspended and homogenized in phosphate buffer (pH 7.4; 0.06 M potassium phosphate, 1 mM EDTA). Protein concentrations were measured with the Bradford method. Aliquots of 7.5 mg protein each (as duplicates) were separated electrophoretically on 12% resolving polyacrylamide mini-gels using a Mini PROTEAN Õ II electrophoresis unit (Bio-Rad) and then quantitatively transferred to PVDF membranes. After incubation for 1 h in tris-buffered saline (TBS) containing 5% fat-free milk, the membranes were exposed to primary antibodies: anti-Cox-2 (1:1000, BD Transduction Laboratories), anti-iNOS (1:400, Abcam) and anti-CGRP (1:400, Abcam) at 4 C overnight. Subsequently, the membranes were incubated with horseradish peroxidase conjugated anti-rabbit IgG secondary antibody (1:3000, GE healthcare) for 1 h at room temperature. The content of targeted proteins was detected by enhanced chemiluminescence. Signals were normalized to b-actin (1:10 000, GeneTex).
Immunohistochemistry
Rats or mice were deeply anaesthetized and transcardially perfused with 4% paraformaldehyde after spreading depolarization studies. Brains were quickly removed, post-fixed in the same fixative overnight and cryoprotected in 30% sucrose solution for 2 days. Multiple 30-mm thick transverse sections were collected, incubated overnight with rabbit antic-Fos antibody (1:1000; Abcam), followed by 90 min with biotinylated goat anti-rabbit antibodies. Sections were rinsed before incubating for 90 min in streptavidin horseradish peroxidase solution and detection reagents. After mounting and dehydrating, expression of c-Fos in the trigeminal nucleus caudalis was determined by counting Fos-immunoreactive neurons in lamina I and II of trigeminal nucleus caudalis from five sections of the cervical spinal cord and five sections from the caudal medulla. The data were averaged and reported as the number of cells per section. To investigate whether spreading depression-induced upregulation of neuroinflammatory markers is associated with cellular injury, we evaluated the uptake of intraperitoneally injected propidium iodide, a marker of cellular injury/death, in cortical neurons 30 min after spreading depolarization in comparison with a positive control after controlled cortical impact traumatic brain injury. Cortices at the spreading depolarization induction site (i.e. KCl application site) and 2 mm remote from the spreading depolarization induction site were collected for analysis.
Behavioural testing
Open field test and pole test were used to assess behaviour over 3 h after systemic administration of P2X7 antagonist A438079 in awake mice as described previously (Balkaya Figure 3 Pharmacological inhibition of the 'P2X7-pannexin-1 pore complex' suppresses regenerative capacity of the cortex towards spreading depolarization evoked by suprathreshold electrical stimulation in rats. (A) Repetitive supra-threshold electrical stimulation was used to evaluate regenerative capacity of the cortex towards spreading depolarization (i.e. refractory period). Electrical stimulation was delivered with fixed intensity and interval (800 mC every 6 min for 1 h), 30 min after topical treatment with drugs (A438079 or calmidazolium) or vehicles (0.9% normal saline or 1% DMSO). (B) Representative tracings show that the P2X7/PANX1 pore inhibitor A438079 (4.38 mM) reduced repetitive electrical stimulation-evoked spreading depolarization frequency in rats. In contrast, selectively inhibiting the P2X7 chann with calmidazolium (0.04 mM in 1% DMSO) did not affect spreading depolarization. (C) Whisker-box plots show that A438079 (n = 7), but not calmidazolium (n = 5), reduces spreading depolarization frequency during repetitive electrical stimulation in rats (whisker, full range; box, IQR; line, median; cross, mean; * P 5 0.05).
and Endres, 2010). In brief, open field test was performed for 30 min, followed by the pole test 5 min later. These two tests were repeated in the second and third hour after intraperitoneal injection of A438079. With a cross-over design, mice initially treated with vehicle received A438079 1 month later (and vice versa), and behaviour was reassessed with the same protocol (n = 4 mice per drug).
Statistical analysis
Values are reported as mean AE standard deviation (SD), mean AE standard error of the mean (SEM) or median and interquartile range (IQR), as indicated. For parametric variables including spreading depolarization frequency and systemic physiology, one-way ANOVA, Student's t-test or paired t-test were used for comparison as appropriate. For non-parametric variables including spreading depression electrical threshold, Il1b mRNA, relative expression of Cox-2, iNOS, or CGRP, and c-Fos immunoreactive cells, either the Kruskal-Wallis test with post hoc Dunn's multiple comparison test or the Mann-Whitney U-test was used for comparisons of non-paired data; the Wilcoxon signed-rank test was used for paired data. For comparison of a dependent variable with at least two time points from multiple groups such as spreading depolarization amplitude or frequency in different strains of mice upon pharmacological intervention, two-way repeated measures ANOVA with post hoc Bonferroni test was performed. The Pearson's correlation test was used to study the relationship between spreading depolarization frequency and Il1b expression, as well as that between potassium concentration and spreading depolarization amplitude. All calculated P-values were two-tailed, and P 5 0.05 was considered significant. Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA) and IBM SPSS Statistics version 23 (IBM, Armonk, NY).
Results
Pharmacological inhibition of the P2X7/PANX1 pore suppresses spreading depolarization Drugs targeting both P2X7 chann and P2X7/PANX1 pore (Brilliant blue G and A438079) or selectively the P2X7/ Figure 4 Pharmacological inhibition of the 'P2X7-pannexin-1 pore complex' reduces the amplitude of spreading depolarization.
(A) One recording electrode was placed inside a 3 mm drug-bathed cranial window, and another one outside the window as a control. A supra-threshold electrical pulse (0.4 mA, 640 ms) was delivered to the frontal cortex to induce a spreading depolarization (SD) as a baseline. Another spreading depolarization was induced 30 min after vehicle application, and again after another 30 min of vehicle or drug treatment. Time-matched spreading depolarization amplitudes recorded from both electrodes were compared between vehicle and drug-treated cortices. (B) Topical administration of the P2X7/PANX1 pore inhibitor A438079 (0.438-4.38 mM) or Brilliant blue FCF (BB FCF; 0.39-3.9 mM) reduced spreading depolarization amplitude within the treatment window, with a dose-response relationship (top row), whereas spreading depolarization amplitudes recorded outside the treatment window were unaffected (bottom row) (n = 4 per group) ( * P 5 0.001, two-way repeated measures ANOVA with post hoc Bonferroni test). In contrast, the P2X7 chann inhibitor calmidazolium had no effect on spreading depolarization amplitude either in the treated or control window (n = 4).
PANX1 pore (Brilliant blue FCF) reduced spreading depolarization susceptibility. The frequency of KCl-induced repetitive spreading depolarizations in 1 h decreased by 34% (P 5 0.001, paired t-test) in rats that were subjected to topical application of the P2X7/PANX1 pore inhibitor A438079 (4.38 mM) but not the P2X7 chann inhibitor calmidazolium (0.04 mM) (P = 0.341, paired t-test) (Fig.  1 ). Intracerebroventricular injection of the other two P2X7/ PANX1 pore inhibitors Brilliant blue G (5.85 mM) and Brilliant blue FCF (3.9 mM) also reduced KCl-evoked spreading depolarization frequency in rats by $44% in comparison with vehicles (P = 0.002 for Brilliant blue G and P = 0.026 for Brilliant blue FCF, Student's t-test) (Fig. 1) . Similar to topical treatment, intracerebroventricular injection with the P2X7 chann inhibitor calmidazolium (1.67 mM) had no effect on spreading depolarization frequency (P = 0.339, Student's t-test). This inhibitory effect of P2X7/PANX1 pore on spreading depolarization susceptibility was consistent across species. The electrical spreading depolarization threshold increased by 4-to 16-fold (median) in mice upon topical treatment with the P2X7/PANX1 pore inhibitors A438079 and Brilliant blue FCF, but not the P2X7 chann inhibitor calmidazolium (P = 0.008 for A438079, P = 0.044 for Brilliant blue FCF, and P = 0.157 for calmidazolium, Wilcoxon signed-rank test) (Fig. 2) -Brilliant blue G was not used in mice because it is a rat selective antagonist that only acts on mice P2X7 receptor with sufficiently long incubation time in vitro (Donnelly-Roberts et al., 2009). A438079 also inhibits KCl-evoked spreading depolarization frequency by $30-35% in wild-type C57BL/6J mice, either administered systemically (300 mmol/kg, intraperitoneal) (7.4 AE 0.5/h versus 10.8 AE 1.1/h, n = 10 per group, P = 0.007; Student's t-test) or topically (4.38 mM) (8.0 AE 1.5/h versus 11.3 AE 1.8/h, n = 8, P = 0.002; paired t-test) in comparison with vehicles ( Supplementary Fig. 1 ). Systemic intraperitoneal drug administration of A438079 (300 mmol/kg) also tended to reduce propagation speed (4.2 AE 0.7 versus 3.2 AE 0.7 cm/min, P = 0.057). The spreading depolarization frequency in the homozygous Cacna1a R192Q mutants, which exhibit genetically enhanced spreading depolarization susceptibility, was also inhibited by A438079 (4.38 mM) to a similar extent (10.0 AE 1.8/h versus13.7 AE 1.0/h, n = 6 per group, P = 0.003; paired t-test).
To assess the regenerative capacity of the cortex towards spreading depolarization, we performed repetitive suprathreshold electrical stimulation of the cortex. A438079 (4.38 mM) again reduced spreading depolarization frequency by approximately one-third during repetitive electrical stimulation in rats (3.9 AE 1.3/h versus 6.0 AE 2.1/h, P = 0.032; paired t-test) (Fig. 3) , suggesting a prolonged refractory period of the brain towards spreading depolarization after P2X7/PANX1 pore inhibition. In contrast, topical treatment with P2X7 chann inhibitor calmidazolium (0.04 mM) had no significant effects when compared with vehicles (5.8 AE 0.8 versus 5.6 AE 1.1, P = 0.749; paired t-test). Within the cortex exposed to the P2X7/PANX1 pore inhibitors A438079 (0.44-4.38 mM) and Brilliant blue FCF (0.39-3.9 mM) directly, spreading depolarization amplitudes were reduced by 35-90% in a dose-dependent fashion, whereas the P2X7 chann inhibitor calmidazolium (0.04 mM) did not inhibit the amplitude of spreading depolarization (Fig. 4) . The amplitude of spreading depolarization correlated with extracellular potassium concentration when pretreated with A438079 (n = 6, r = 0.990, P 5 0.001), suggesting that reduced spreading depolarization amplitude might be the consequence of inhibition of K + release by P2X7/PANX1 antagonism. Notably, inhibiting the coupling of P2X7 to PANX1 by intraperitoneally administered Src kinase inhibitor PP2 (0.1 mM) also reduced spreading depolarization frequency by 30% in Balb/ c mice (vehicle versus PP2: 15.5 AE 1.4 versus 11.2 AE 1.6/h, P = 0.004, Student's t-test). 
Genetic loss of P2X7/PANX1 pore function suppresses spreading depolarization
To dissect the mechanism underlying spreading depolarization suppression by P2X7/PANX1 pore inhibitors further, we tested spontaneous and engineered genetic mouse models. The commonly used wild-type strain C57BL/6J carries a spontaneous P451L missense mutation in the P2rx7 gene (P2rx7 P451L ), which partially impairs P2X7/PANX1 pore formation by altering the Src tyrosine kinase binding site in the carboxyl terminal, thereby causing partial loss of P2X7/ PANX1 pore function (Adriouch et al., 2002; Sorge et al., 2012) . In contrast, the wild-type strain Balb/c carries a completely functional P2rx7 gene. Consistent with the data obtained using pharmacological inhibitors, C57BL/6J mice (with partial loss of P2X7/PANX1 pore function) showed lower spreading depolarization susceptibility compared to Balb/c mice (with normal P2X7/PANX1 pore function) (Fig.  5 ). Susceptibility to spreading depolarization was even lower in P2rx7 À/À knockout mice (B6.129P2-P2rx7 tm1Gab /J) with ablation of P2X7 function, and could not be further reduced by the P2X7 chann and P2X7/PANX1 pore inhibitor A438079, confirming target specificity in this experimental spreading depolarization paradigm (Fig. 5B) .
Pharmacological blockade of the P2X7/PANX1 pore inhibits neuroinflammation after spreading depolarization
Our experiments show that spreading depolarization upregulates cortical Il1b mRNA. Importantly, the Il1b mRNA After eliminating the confounding effect of spreading depolarization frequency by inducing a fixed number of spreading depolarizations (6/h) in a new cohort of animals, the P2X7/PANX1 pore inhibitor A438079 (4.38 mM) inhibits Il1b mRNA upregulation in comparison with vehicle (0.9% normal saline) (n = 6 per group, P = 0.002), whereas the P2X7 chann inhibitor calmidazolium (0.04 mM) had no effect on Il1b mRNA expression in comparison with vehicle (1% DMSO) (n = 6 per group; P = 0.665). (C) Western blot analysis of spreading depolarization-induced cortical Cox-2 expression in vehicle-and A438079-pretreated animals in comparison with sham controls (n = 5 per group). Band intensities were quantified by densitometry and are indicated as fold change relative to that of the sham control group. Cox-2 expression increased after spreading depolarization induction ( * P = 0.008 versus sham controls), which was suppressed by pretreatment with A438079 Error bars indicate SEM.
P2X7-PANX1 and spreading depression expression level correlated with the number of spreading depressions in treated cortex (r = 0.669, P = 0.049) (Fig. 6A) . When a fixed number of spreading depolarizations was evoked (n = 6 over 1 h) to correct for the effect of spreading depression frequency on Il1b mRNA expression, inhibition of the P2X7/PANX1 pore with A438079 (4.38 mM) reduced spreading depolarization-induced cortical Il1b mRNA expression by 77%. In contrast, selective inhibition of the P2X7 chann function with calmidazolium (0.04 mM) had no effect (Fig. 6B) , indicating that suppression of spreading depolarization-induced Il1b mRNA upregulation was due to inhibition of the P2X7/PANX1 pore , and not the P2X7 chann . Spreading depolarization upregulated cortical Cox-2 expression (1.75-fold compared to sham, P = 0.008), which was partially prevented by the P2X7/ PANX1 pore inhibitor A438079 with a reduction of relative expression to 1.33-fold (P = 0.016; Mann-Whitney U-test) (Fig. 6C) . Similarly, spreading depolarization upregulated cortical iNOS expression (1.35-fold compared to sham, P = 0.008), which was attenuated by the P2X7/PANX1 pore inhibitor A438079 with a reduction of relative expression (P = 0.008; Mann-Whitney U-test; Supplementary Fig. 2 ).
Pharmacological blockade of the P2X7/PANX1 pore inhibits trigeminovascular activation after spreading depolarization
To investigate whether P2X7-PANX1 blockade prevents spreading depolarization-induced activation of the trigeminovascular system, we examined CGRP expression at the trigeminal ganglion and c-Fos expression at the trigeminal nucleus caudalis after spreading depolarization. Spreading depression upregulated CGRP expression at the trigeminal ganglion by 1.92-fold compared to sham, which was partially suppressed to 1.45-fold by pretreatment with the P2X7/PANX1 pore inhibitor A438079 (P = 0.008; Mann-Whitney U-test) (Fig. 6D ). In addition, A438079 pretreatment reduced spreading depolarization-induced cFos expression in the trigeminal nucleus caudalis in comparison with controls (median: 95.7 versus 171.8 cells/section, P = 0.016; Mann-Whitney U-test) (Fig. 6E) .
Specificity of spreading depolarization on neuroinflammation and trigeminovascular activation
To investigate whether the downstream markers for neuroinflammation and trigeminovascular activation mentioned above are specific to spreading depression, we conducted experiments using pinprick-induced spreading depolarization (n = 5), and found a similar upregulation of markers. In contrast, topical 1 M NaCl solution (with the same osmolarity as KCl) (n = 5) did not induce spreading depolarization or affect expression of markers.
Spreading depolarization-induced expression of markers was anatomically specific because neither IL-1b, Cox-2, CGRP nor c-Fos immunoreactivity was upregulated in cerebellum, where spreading depolarization does not propagate into following cortical induction of spreading depolarization ( Supplementary Fig. 3 ). Expression of these markers was unlikely attributed to permanent cellular damage because neither the spreading depression induction site nor remote cortical regions showed uptake of propidium iodide 30 min after induction of spreading depolarization (n = 3) ( Supplementary Fig. 4 ). 5 ), while it reduced spreading depolarization frequency as effectively as topical administration of the same drug ( Supplementary Fig. 1 ).
Discussion
Here we show for the first time that pharmacological inhibition or genetic loss of P2X7 as part of the P2X7/ PANX1 pore suppresses spreading depolarization and, independently, its downstream inflammatory effects and trigeminovascular activation. Impaired coupling of P2X7 with PANX1 inhibits spreading depolarization to a similar degree as pharmacological inhibition or genetic ablation of P2X7/PANX1 pore function. Pharmacological inhibition of the P2X7/PANX1 pore suppresses spreading depolarization in wild-type rats and mice as well as in FHM1 transgenic mice with an increased spreading depolarization susceptibility due to a gain of function of mutated Ca v 2.1 channels (van den Maagdenberg et al., 2004; EikermannHaerter et al., 2009) . In contrast, selective pharmacological inhibition of the P2X7 chann did not affect spreading depolarization threshold or frequency. Notably, systemic drug administration of A438079 was similarly effective, without causing gross neurological dysfunction, as reported in clinical trials in patients with rheumatoid arthritis (Keystone et al., 2012; Stock et al., 2012) . The fact that spreading depolarizations were attenuated upon different stimulation protocols and in different species underscores the robustness and importance of P2X7/PANX1 pore inhibitors in suppressing initiation and propagation of spreading depolarization, as well as prolonging the refractory period after spreading depolarization (Pietrobon and Moskowitz, 2014) . Our findings provide a novel avenue for targeting the P2X7/PANX1 pore to suppress spreading depolarization and subsequent neuroinflammation, with relevance for diseases associated with spreading depolarization, such as migraine (Chen and Ayata, 2016) . Spreading depolarization has recently been reported to induce PANX1 pore formation, while the non-specific PANX1 inhibitor carbenoxolone did not suppress spreading depression when delivered intraventricularly (Karatas et al., 2013) . Our study shows that inhibition of the P2X7/PANX1 pore suppresses spreading depolarization, while selective pharmacological targeting of the P2X7 chann does not affect spreading depolarization. Impaired function of the P2X7/PANX1 pore may reduce spreading depolarization-induced release of K + (Buisman et al., 1988) , glutamate (Cervetto et al., 2012) , and/or pro-inflammatory cytokines (Pusic et al., 2014) that facilitate spreading depolarization. In fact, P2rx7 À/À mice that do not form functional pore complexes (Salas et al., 2013) show no release of 3 H-glutamate (Csolle et al., 2013) and no increased expression of Il1b (Clark et al., 2010) in response to ATP. The lack of effect of the P2X7 antagonist A438079 on spreading depolarization in P2rx7 À/À mice, at the same dose that effectively suppressed spreading depolarization in wild-type and FHM1 mice to P2rx7 À/À levels, underscores the critical role of P2X7 in determining spreading depolarization susceptibility.
Spreading depolarization induces inflammatory cascades in neurons and glial cells, and was shown to activate the trigeminovascular system in animals (Moskowitz et al., 1993; Bolay et al., 2002; Karatas et al., 2013) . Spreading depolarization is thought to underlie aura and probably headache (evidence for the latter comes from experimental animal studies), while exacerbating neuronal injury and infarct progression during stroke (EikermannHaerter et al., 2012b) . The pro-inflammatory cytokine IL-1b may mediate part of the detrimental effects of spreading depression in migraine and stroke (Lambertsen et al., 2012) because it activates and increases mechanosensitivity of meningeal nociceptors (Zhang et al., 2012) , stimulates the release of prostaglandin E2/CGRP in rat trigeminal ganglia cells (Neeb et al., 2011) , and exacerbates ischaemic brain damage in middle cerebral artery occlusion models in rats (Yamasaki et al., 1995) . Our study reveals that spreading depression-induced Il1b upregulation correlates with the cumulative number of spreading depolarizations. Hence, strategies to suppress spreading depolarization may become important therapeutic tools in migraine and perhaps stroke. The detrimental effects of spreading depolarization and inflammasome activation in ischaemic stroke are well known, and one can speculate that our finding of P2X7 antagonism suppressing spreading depolarization and spreading depolarization-evoked inflammasome activation might provide one possible explanation for the protective effect of P2X7 inhibition in stroke models. We show that inhibition of the P2X7/PANX1 pore , but not the P2X7 chann , suppresses spreading depolarization-induced upregulation of Il1b. Consistent with this finding, the P2X7/PANX1 pore antagonist Brilliant blue G has been reported to suppress caspase-1-induced maturation of IL-1b/ IL-18 after subarachnoid haemorrhage (Chen et al., 2013) . In addition, we found that cortical expression of iNOS and Cox-2, other inflammatory markers, was increased in response to spreading depolarization, consistent with the report by Karatas et al. (2013) when using a different assay. Pretreatment with the P2X7/PANX1 pore inhibitor effectively abolished spreading depolarization-evoked cortical iNOS and Cox-2 upregulation, supporting a role for the P2X7/PANX1 pore in spreading depolarization-mediated neuroinflammation. In parallel with the inhibition of cortical neuroinflammation, spreading depolarization-evoked CGRP expression at the trigeminal ganglion and c-Fos expression at the trigeminal nucleus caudalis were inhibited by P2X7/PANX1 pore blockade, strengthening the potential role of the P2X7/PANX1 pore in trigeminovascular activation. Recently, it was reported that Brilliant blue G, an inhibitor of the P2X7 channel and pore form, inhibits nitroglycerin-induced thermal hyperalgesia in mice as well as c-Fos upregulation in the trigeminal nucleus caudalis (Goloncser and Sperlagh, 2014) . Other recent studies showed that P2X7 receptors are expressed in trigeminal satellite glial cells responsible for the pro-nociceptive effects of ATP (Yegutkin et al., 2016) , and that Brilliant blue G inhibits c-Fos expression in the trigeminal nucleus caudalis after orofacial formalin stimulation (Bohar et al., 2015) . These findings, together with ours, suggest that the role of P2X7 in migraine pathophysiology might be multi-faceted by acting at different levels involved in migraine pathophysiology.
Our study has several limitations. First, the use of genetic mutants allows target-specific study, but may encounter the possibility of developmental compensation. However, both pharmacological P2X7/PANX1 pore inhibitors and genetic ablation of the P2X7 receptor similarly suppress spreading depolarization, reducing the potential negative impact of this contention. Second, additional pathways not involving Src kinase and PANX1 could be affected by P2X7/ PANX1 pore inhibitors (Iglesias et al., 2008) . Regardless, our findings suggest a predominant role for the P2X7-dependent pathway in modulating spreading depolarization susceptibility because selective inhibitors of the P2X7/ PANX1 pore and Src kinase suppressed spreading depolarization to a similar extent. In addition, although it is still debated whether the pore involves PANX1 or not (Alberto et al., 2013) , our results along with those of others (Pelegrin and Surprenant, 2006; Locovei et al., 2007; Iglesias et al., 2008; Gulbransen et al., 2012; Poornima et al., 2012; Di Cesare Mannelli et al., 2015; Pan et al., 2015) are more in favour of a pore complex formed by the coupling of P2X7 to PANX1. Third, measuring Il1b mRNA expression is not equivalent to measuring IL-1b protein. However, IL1B is a transcriptionally-regulated gene, and the level of its transcript correlates well with the level of protein (Rioja et al., 2004; Li et al., 2008; Zhang et al., 2008) . There is concern that there might be non-specific activation of genes involved in cell injury following spreading depolarization; however, a recent study showed that after spreading depolarization immune systemrelated genes are selectively upregulated (Eising et al., 2016) . To provide more evidence of selective activation of inflammatory pathways, we evaluated the expression of another inflammatory marker, Cox-2, in the cortex following spreading depolarization by western blot. We demonstrated that upregulation of Cox-2 can similarly be inhibited with A438079 pretreatment. In addition, we demonstrated increased expression of CGRP in the trigeminal ganglion, and c-Fos expression in the trigeminal nucleus caudalis, augmenting the potential relevance of our findings for migraine pathophysiology. Fourth, the specificity of calmidazolium on P2X7 and Brilliant blue FCF on PANX1 has been well established in vitro, but not yet sufficiently in vivo; however, the significant effect of Brilliant blue FCF on spreading depolarization susceptibility was similar to that of A438079 and Brilliant blue G, suggesting that our findings were unlikely to be false positive or due to non-specific targeting. The lack of an effect of calmidazolium on spreading depolarization susceptibility despite equivalently potent or higher dosing than A438079 supports a true finding. Finally, there might be localized damage to the cortex with rippling effects at some distance after prolonged exposure to topical KCl, although we used cortical tissue as far as 2 mm away from the stimulation site. Despite these limitations, various studies have used very similar approaches to investigate downstream effects of spreading depolarization (Karatas et al., 2013; Eising et al., 2016) . In addition, we did not find evidence for cellular damage secondary to topical KCl because no propidium iodide uptake was observed both at the KCl application site and remote from it ( Supplementary Fig. 4 ).
In conclusion, our data show that the P2X7/PANX1 pore is an important determinant of spreading depolarization susceptibility, as well as activation of the inflammasome and trigeminovascular system, in response to spreading depolarization. P2X7/PANX1 pore inhibitors provide a promising and well-tolerated candidate for therapeutic suppression of spreading depolarization and neuroinflammation, with relevance for neurological disorders associated with spreading depolarization, such as migraine and stroke. Future studies are needed to further investigate clinical implications of our findings.
